The analytical characterization of a novel chromogenic calix [4] arene derivative based sodium selective, direct optode membranes has been investigated in detail. The dynamic concentration range, ion-selectivity, response time and reproducibility are discussed. The effect of the nature of the membrane matrix on the dynamic concentration range and the operation pH of the relevant optode membranes are explained. The sodium ion response is interpreted on the basis of the ion-exchange theory, which is underlined by the results of calixarene mediated ion-transport experiments.
In recent years, a growing interest has been shown towards the development of chemical sensors with optical transduction (optodes). [1] [2] [3] [4] In optical sensors the concentration dependent signal is a direct result of the interaction of the carrier/receptor molecule (ligand, ionophore) with metal ions or neutral molecules to be analyzed. This can be achieved by using ionophores with chromogenic groups in the neighborhood of the co-ordination sites (chromoionophores) or by the application of the same ionophores as in ion-selective electrodes in combination with a hydrogen selective chromoionophore. In the two-ionophore based sensors the ion-recognition process is coupled to the optical transduction process by the transfer of hydrogen ion to a proton selective chromoionophore.
Among synthetic ionophores for chemical sensors, calixarenes proved to be of special importance because of their distinct selective ion/molecular binding properties and the relative ease of their synthesis. 5 -7 Since the remarkable success with calix [4] aryl tetraesters in potentiometric membranes for the selective detection of sodium ions 8 , calixarene derivatives of different chemical structures have been used as a recognition element in chemical sensors and as a reagent for the optical detection of analytes of different nature. 9 It has been found that e.g., calix [4] arene tetraesters with anthracene moieties 10 , or with azophenol group 11 show an optical response to alkali metal cations, while mono indoaniline derived chromogenic calix [6] arene to uranyl ion 12 , and pyrene-functionalized calix [3] arene to ammonium ions. 13 The availability of chromogenic calixarene molecules which in solution phase experiments exhibited a variation in their absorption or fluorescent spectra due to interactions with metal cations, initiated research work to utilize this type of chromogenic ligands in optical sensors, too.
In our earlier publication 14 we have shown that a chromogenic calix [4] arene derivative with 2,4-dinitrophenylazo group in the neighborhood of the coordination site exhibits distinct sodium selectivity both in potentiometric ion-selective electrodes and in optical sensors. In the present study, we report more details on the analytical characterization of this novel chromogenic calix [4] arene derivative based sodium-selective optical sensors. The optode membrane components were varied deliberately with the aim of lowering the operation pH of the relevant optode sensor. Calixarene-mediated sodium fluxes have been determined under zero applied potential conditions using chromogenic calixarene doped plasticized polyvinyl chloride membrane systems. The purpose of the iontransport experiments was to underline the sodium induced ion-exchange response mechanism elaborated for the interpretation of the response mechanism of direct optode sensors.
Experimental

Chemicals
All salts of analytical grade were purchased from Fluka AG (Buchs, Switzerland). Doubly distilled water was used for all solutions.
For ion-selective optode membranes, the chromogenic calix [4] 16 
Membrane preparation
For ion-transport experiments: 0.87 mg of ligand BME 3457 (0.0098 mol/kg) ( Fig. 1) , 33 mg of PVC (high molecular weight, HMW), 66 mg of o-NPOE as plasticizer were dissolved in 0.8 ml of THF (ion-selective optode membrane cocktail), and then 33 mg of PVC (HMW) and 66 mg of o-NPOE dissolved in 0.8 ml of THF (blank membrane cocktail). The membrane cocktails were cast onto a glass ring (i.d. 21 mm) fixed on a glass plate. After 24 h, when all THF evaporated, the resulting membrane of about 200 µm thickness was taken off and a disc of 14 mm diameter was cut and attached to the end of a hard PVC tube (i.d. 12 mm) with PVC based glue (Loctite vinyl bond, Loctite UK Ltd., UK).
For optode measurements, except for acrylate copolymer based membranes: all membrane cocktails were made of 4 mg of the ligand, BME 3457 (0.0248 mol/kg), 60 mg of membrane-matrix (PVC (HMW), aminated PVC, or Tecoflex, respectively), 120 mg of plasticizer (DOS). The membrane components were dissolved in 1.5 ml of tetrahydrofuran (THF).
Acrylate copolymer based membranes: 3.7 mg of ligand BME 3457, 110.7 mg of acrylate copolymer I, 71.5 mg of o-NPOE or 3.7 mg of BME 3457, 119.3 mg of acrylate copolymer II, 67.0 mg of o-NPOE were dissolve in 1 ml of CH 2 Cl 2 , respectively. After all of the components were dissolved, the membrane was cast onto a quartz plate by means of a home-made spin-on coating device by injecting quickly 100 µl of the respective membrane cocktail into the hole located in the middle of a spin-on coating device rotating at 800 rpm (except for acrylate based membrane cocktail, when the volume injected was 180 µl and the rotation rate was 1400 rpm). The membrane coated quartz plate was kept in air for some minutes. After the solvent evaporated totally, the membrane was mounted in a flow-through measuring optical cell 17 of about 600 µl cell volume. The thickness of the membranes was determined by an interference method 18 and was found in the range of about 2 -8 µm. The optical cell then was placed in the sample path of a spectrophotometer and connected to a peristaltic pump to obtain a flowthrough system (flow rate was 1.3 ml/min).
Procedure for measuring cation transport rate: membrane transport experiments were carried out under zero applied potential conditions by using symmetrically bathed plasticized PVC membranes. The solutions were quiescent during the experiments. The transported ionic concentration in the receiving phase was occasionally monitored conductometrically, while the sodium concentration was determined after 24 h run of the experiment by atomic absorption measurements using a VARIAN TECHTRON AA6 spectrophotometer (Australia), while the pH variation was determined with a HORIBA pH meter (Japan) furnished with a combination glass electrode.
Absorbance measurements: UV-VIS spectra were run on a UNICAM UV4 double-beam spectrophotometer equipped with a software VISION 3.0 (ATI UNICAM, UK).
All stock solutions (10 -1 M) were prepared by dissolving the appropriate salts in 0.02 M NH 4 OH/NH 4 Cl buffer (pH 10.5) or 0.01 M Tris/HCl buffer (pH 9) 19 , respectively. The standard solutions were prepared by serial dilution of the stock solutions with the relevant buffer solutions and stored at room temperature in polyethylene bottles to avoid contamination.
Results and Discussion
Analytical characterization of the optical sensor
In an earlier publication 14 we have shown that a sodium-selective direct optode sensor can be prepared by incorporating a chromogenic calix [4] arene molecule (BME 3457) ( Fig.1) into plasticized PVC membranes. In optical measurements it was observed that the optode membranes exhibit considerable changes (bathochromic shifts: 190 nm) in the absorption spectra when metal ion containing solutions are contacted with 192 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 Fig. 1 Ion-selective optode membrane constituents.
the membranes. This effect was ascribed to the sodium induced deprotonation of the azophenol units in the metal complex.
In the present study the metal-ion induced deprotonation of the ionophore in plasticized PVC membranes was studied in more detail. For this, the optode membranes were flushed with buffer solutions of different pH values containing also different amounts of sodium ions (a: 0.02 M NH 4 OH/NH 4 Cl buffer solutions containing no NaCl; b: 0.02 M NH 4 OH/NH 4 Cl buffer solutions containing 5×10 -3 M of NaCl; c: 0.02 M NH 4 OH/NH 4 Cl buffer solutions containing 10 -2 M of NaCl). The pH values of each buffer series varied from 8 to 14, while the total concentration of buffer-salts was kept constant. 19 The results of the relevant optical measurements are presented in Fig. 2 . The data show that in the absence of sodium ions the azophenol group of the calixarene molecule are half-deprotonated at pH 13.58 (curve A), which means that the apparent pK a of the chromogenic calixarene molecule in PVC-DOS membrane is 13.58 (The pK a of the chromogenic calixarene molecule in methanol was found 12.4). On the other hand, in the presence of 10 -2 M sodium ions the apparent deprotonation constant of the molecule is about 10.65 (curve C). These data underline our earlier observation that the sodium measurements in low concentration with this optode membrane requires relatively high operation pH. Figure 3a presents spectra recorded when the optode membrane was contacted with sodium chloride solution series buffered to pH 10.5 with ammonium hydroxide/ ammonium chloride buffer. As shown the absorption intensity at the absorption band maximum of the deprotonated form of the chromoionophore (at 630 nm) varies upon the concentration of sodium ion in a wide concentration range.
The response function of this optode sensor is approximated with the ion-exchange working mechanism elaborated in detail by Simon and co-workers. 20 Accordingly the equilibrium between the membrane phase and the aqueous sample solution can be described as:
193 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 Fig. 2 The protonation degree of BME 3457 ionophore in plasticized PVC membrane. A, measured in ammonium buffer solutions (0.02 M NH4OH/NH4Cl); B, measured in ammonium buffer solutions containing 5×10 -3 M NaCl also; C, measured in ammonium buffer solutions containing 10 -2 M NaCl also. Fig. 3a Batch of spectra of a PVC based optode membrane incorporating BME 3457 recorded in buffered NaCl standard solutions (0.02 M ammonium buffer, pH 10.5). where HL stands for the protonated form of the chromoionophore (BME 3457), and NaL indicates the ionophore-Na complex. Indexes (org) and (aq) stand for the membrane and for the aqueous solution, respectively.
Introducing the term α, i.e. the ratio of the protonated form of the ionophore ([HL]) relative to the total amount of the chromoionophore ([L t ]) (the degree of protonation of the chromoionophore) as
α can easily be calculated from the absorbance values measured at the absorption band maximum corresponding to the deprotonated form of chromoionophore at λ=630 nm:
where A 0 and A 1 are the limiting absorbance values (A) when the chromoionophore (BME 3457) is completely deprotonated (α=0) and fully protonated (α=1), respectively. The equilibrium constant, K exch , depends on the complexation constant, the protonation constant and the ratio of the ion distribution coefficients. K exch can be calculated as:
On the basis of Eq.(4) the analytical working curve can be constructed:
The theoretical response curve calculated according to Eq. (5) fits perfectly to the experimental data points as shown in Fig. 3b which proves the validity of the ion-exchange theory for this kind of ion-selective direct optical membranes. The measuring range of the optode membrane was found between 8×10 -4 M -9×10 -2 M of Na + activity at pH=10.5. The sodium selectivity of BME 3457 ionophore based PVC/DOS optode membranes was determined over K + , Li + and NH 4 + interfering ions by the fixed interference (FIM) method and the separated solution method (SSM) as well.
The selectivity of optode membranes was recently discussed in detail by Bakker et al. 21 and is expressed as
and
where a i is a primer ion, v+ is its charge; a j is an interfering ion and z+ is its charge. Applying this concept to our case we obtain that
where a j stands for K + , Li + or NH 4 + activity, respectively.
According to the fixed interference selectivity determination method, the BME 3457 based membranes were calibrated in pH-buffered NaCl standard solutions containing also 0. (9) to the experimental data points. K exch value found in this case was the same as that in the case of pH-buffered NaCl solutions without interfering ions (K exch =4×10 -9 ). The selectivity data thus determined are solution concentration-dependent and independent of the protonation degree of the ionophore and the charge of the interfering ion. This approach provides optode selectivity data in an analogous way as the matched potential method in ion-selective electrode potentiometry.
The K opt Naj,SSM were calculated from the horizontal distance of the calibration graphs measured in single ionsolution systems at the 50% protonation degree of BME 3457 ionophore (α=0.5). Table 1 shows the selectivity of a Na-optode membrane in comparison with potentiometric ISE of the same membrane composition. Obviously, in an optode membrane the selectivity of BME 3457 ionophore towards Na + against Li + decreased whereas the selectivity against K + improved as compared with the potentiometric data measured at neutral pH range. This may be explained by the fact that at pH 10.5 the chromoionophore is partially deprotonated so that besides the ion-dipole interaction the ion-ion interaction has to be considered at the metal lig- -3 M and 10 -3 M NaCl at pH 10.5 and showed in Fig. 4 . At 6×10 -3 M Na + concentration level it was found that A=0.362 ±0.002, while at 10 -3 M Na + concentration level A=0.128 ±0.001. The high residual deviation may be caused by the continuous leaching of BME 3457 from the membrane phase to the aqueous sample. Indeed, the lipophilicity of BME 3457 expressed as log P and measured by TLC method 22 was found to be 8. Also from Fig. 4 the response time of the optode cell can be determined which is around 1 -2 min.
Effect of membrane-matrix
Optical membranes were made with different kinds of membrane-matrices (otherwise with the same membrane composition) in order to lower the required operation pH (see Experimental part). The effect of aminated PVC, Tecoflex, acrylate co-polymer membranematrix, respectively on the measuring concentration range was compared with that of PVC (HMW) when exposing the optical membrane to buffered sodium calibration solutions under the same experimental conditions. The results show that the aminated PVC matrix provides a slight benefit to the sodium sensitivity of the membrane, while Tecoflex showed no effect. Acrylate co-polymer could reduce more than one order of magnitude the working pH for the same sodium sensitivity of the optical membrane as compared to that of a PVC matrix based optode membrane as shown in Fig. 5 . 5 Effect of membrane-matrices to the response curve of Na-sensitive optode membrane incorporating BME 3457. All measurements were done in buffered NaCl standard solutions (0.02 M ammonium buffer, pH 10.5); , PVC based membrane, Kexch=4×10 -9 ; , aminated PVC based membrane, Kexch=2×10 -8 ; , acrylate copolymer I based membrane, Kexch=1.3×10 -8 ; , acrylate copolymer II based membrane, Kexch=3×10 -8 . Because of the more basic character of the glycidyl groups, the sensitivity of acrylate co-polymer II based membrane was found to be slightly better than that of acrylate co-polymer I based membrane. Although Tecoflex membrane matrix contains also ether-oxygens in the main chains, it is assumed that the accessibility of the phenolic groups of the calixarene molecule to those ether-oxygens to form H-bridges is smaller than that in the case of the acrylate polymers. However, the response time of the acrylate copolymer based membrane was found much higher than that of PVC based optode membrane. The diffusion coefficient of the charged species in acrylate polymer was evaluated to be around 10 -10 -10 -11 cm 2 /s range. 23 Moreover, it was observed that the sensitivity of the acrylate based membranes is reduced considerably when contacting them with strong base or strong acid solutions, probably because of the hydrolysis of the ester groups.
Ion-transport studies
In order to have a more direct prove for the metal-ion induced deprotonation process of the azophenol unit modified chromogenic calix [4] arene derivatives, the ion-transport through plasticized PVC membranes incorporating BME 3457 ligand was investigated in a dialysis cell, symmetrically bathed with 5 ml source phase and 2 ml receiving phase solutions (the membrane geometrical parameters: diameter is 1.2 cm; area is 1.13 cm 2 ; while thickness is 200 µm). Four different experimental conditions were realized (see Table 2 below also): Condition 1, source phase (S)-1 M NaNO 3 , receiving phase (R)-distilled water; Condition 2, source phase (S)-1 M NaNO 3 , receiving phase (R)-10 -2 M HNO 3 ; Condition 3, source phase (S)-1 M NaOH, receiving phase (R)-distilled water; Condition 4, source phase (S)-1 M NaOH, receiving phase (R)-10 -2 M HNO 3 . When the receiving phase was distilled water the ionic conductivity of the receiving phase was continuously monitored (home-made conductivity cell equipped 2 Pt electrode-plates (geometric area, 16 mm 2 ; distance between the electrodes, 8 mm; conductivity meter, Radelkis OK-102/1, Hungary) in order to find the time required to attain steady-state conditions. In each experiments the receiving phase was sampled after 24 h and the samples were analyzed for sodium content by atomic absorption spectroscopy. In addition the change of pH in the distilled water receiving phase was also measured by a glass electrode (Metrohm AG, 9100 Herisau). Each experiment was repeated at least 2 times, and the results reported in Table 2 are the mean of the individual determinations. The blank membranes (with no ionophore content ) were also investigated under the same experimental conditions, and the results are incorporated also in Table 2 .
The results presented in Table 2 show a chromoionophore induced Na + ion transport across plasticized PVC membranes, which is coupled with the transport of proton in the reverse direction. This means that the driving force for the ion-transport is the a Na +/a H + gradient between the source phase and the receiving phase as discussed by other authors as well. 24, 25 Accordingly the largest sodium ion-flux and the largest change of pH in the receiving phase was observed under the experimental condition 4, when the concentration gradient is the largest. The diffusion coefficient of the chromoionophore-Na complex thus calculated was found to be 3.16×10 -8 cm 2 /s.
The chromogenic calix [4] arene derivative molecule in plasticized PVC membranes and different other membrane matrices has been proved as an ionophore for the optical measurement of sodium. The sodium ion response of the optode membranes is interpreted on the basis of the ion-exchange theory, which is supported with the ion-transport experiments. Due to the nature of the chromogenic, azophenol group (pK a =13.5 in DOS/PVC membrane) the operation pH of the optical sodium measurements is relatively high. Among different membrane matrices the acrylate copolymers is found most promising in respect of lowering the operation pH by about one pH unit. On the other hand, the response time of the acrylate based optode membranes was found longer as compared to PVC membranes.
The selectivity of this chromogenic optode membranes is somewhat behind that of the non-chromogenic calix [4] arene derivative based potentiometric sodium selective electrodes. The selectivity sequence of chromogenic calixarene based plasticized PVC membranes, on the other hand, is found different in optical and potentiometric operation modes due to the different types of interactions.
In order to develop direct optical sensors to monitor ion concentrations in the neighborhood of neutral pH, novel calixarene derivatives with different coloration groups and recognition sites are being synthesized in our laboratory.
